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A b s t r a c t: 13 
 14 
The structure-building phenomena within clay aggregates are governed by forces 15 
acting between clay particles. The nature of such forces is important to understand in 16 
order to manipulate the aggregate structure for applications such as settling and 17 
dewatering. A parallel particle orientation is required when conducting force 18 
measurements acting between the basal planes of clay mineral platelets using atomic 19 
force microscopy (AFM). In order to prepare a film of clay particles with the optimal 20 
orientation for conducting AFM measurements, the influences of particle 21 
concentration in suspension, suspension pH and particle size on the clay platelet 22 
orientation were investigated using scanning electron microscopy (SEM) and X-ray 23 
diffraction (XRD) methods. From these investigations, we conclude that high clay 24 
(dry mass) concentrations and larger particle diameters (up to 5 µm) in suspension 25 
result in random orientation of platelets on the substrate. The best possible laminar 26 
orientation in the clay dried film as represented in the XRD by the 001/020 intensity 27 
ratio of more than 150 and by SE micrograph assessments, was obtained by drying 28 
thin layers from 0.2 wt% of -5 µm clay suspensions at pH 10.5. These dried films are 29 
stable and suitable for close-approach AFM studies in solution. 30 
 31 
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 34 
INTRODUCTION 35 
 36 
Kaolinite, illite and smectite, the most common clay minerals in tailings wastes 37 
from coal, heavy minerals and base metal processing, are the primary cause of slow 38 
settling and dewatering limiting water recycling and disposal. These clays are also 39 
implicated in incomplete clarification of waste water treatment and soil remediation. 40 
These sheet silicates are platy in natural occurrence with high values of the ratio of 41 
platelet diameter to thickness, i.e. the aspect ratio. For kaolinite, this aspect ratio is 42 
usually around 10 but can vary widely from very low values ~2 for laminated stacks 43 
(or “books”) to more than 11 up to 36 for very thin platelets (Zbik and Smart 1998, 44 
1999). The aspect ratios for smectite minerals, such as montmorillonite, are generally 45 
much larger (e.g. 80-500). Hence, the area of the basal planes dominates over the area 46 
of edge sites in both clay systems. 47 
 48 
Because of this platelet shape, the generally fine particle size (e.g. 200-1000 nm 49 
diameter) and the electrostatic charges present at the mineral surfaces (basal and edge 50 
sites), the clay particles have an ability to form complex aggregates and network 51 
assemblies in aqueous solution Cryo-SEM studies have shown 3 stages in the settling 52 
of kaolinite at pH 8: initially, the dispersed structures already show edge-edge (EE) 53 
and edge-face (EF) inter-particle associations but these are open, loose and easily 54 
disrupted; in the hindered settling region, aggregates are in adherent, chain-like 55 
structures of EE and stairstep face-face (FF) associations; this network structure 56 
slowly partially rearranges from EE chains to more compact face-face (FF) contacts 57 
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densifying the aggregates with increased settling rates (Zbik, Smart and Morris 2008). 58 
This behaviour is dependent on water and clay chemistry as well as clay particle 59 
packing density.  60 
 61 
The basal siloxane planes are generally agreed to carry a permanent negative 62 
charge while the edge sites (SiOH, AlOH) have pH-dependent charges with 63 
isoelectric points in the pH range 2.35-3 (Kosmulski 2009, Alkan et all 2005). 64 
Contemporary approaches to describing behaviour of dilute clay suspension are based 65 
on colloid stability (DLVO) theory, where competing electrostatic and van der Waals 66 
forces generally decide whether particular colloid clay suspensions will be stabilised 67 
(in sol form) or coagulated (in gel form). These treatments may collapse the electrical 68 
double layer which will lower the electrokinetic potential and allow particles close 69 
enough for van der Waals forces to bond particles into larger aggregates which 70 
significantly increase settling rates. Clay particles within aggregates can have 71 
countless combinations of orientations.  72 
 73 
AFM is now the technique most commonly used to study these interactions 74 
because it can measure forces between particles in nm resolution approaching and 75 
retracting in different solution conditions and additives (e.g. flocculants). For AFM 76 
study of the most desirable, compact, dewatered FF aggregation, the ideal orientation 77 
is when platelets lie flat and their basal surfaces are parallel to the substrate surface. 78 
The most common AFM configuration for this measurement uses a flat substrate and 79 
a spherical colloid probe to approach the substrate. Hence, for correct interpretation of 80 
AFM measurement data of the forces acting between clay platelets, the clay platelets 81 
at the substrate surface and those at the surface of the spherical probe should lie 82 
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ideally in parallel orientation to the interface exposing only the basal planes.  83 
 84 
This study was undertaken to extend our knowledge on the preparation of this 85 
particle orientation when dried from aqueous suspension onto flat surfaces. This 86 
knowledge is necessary to understand how aggregate structure in different conditions 87 
of suspension influences clay orientation after drying. To obtain the best possible 88 
(00l) basal plane orientation, the clay platelets should adhere at their basal planes to 89 
the substrate in the first layer and have a FF orientation for the subsequent layers 90 
which may form on top of the first clay particle layer. The results from the definition 91 
of this optimal orientation may also have important implications in dense aggregate 92 
formation, drying and disposal assisting in water purification and mine waste slurry 93 
densification.  94 
 95 
The XRD interpretation of clay minerals structures has been extensively studied 96 
(Brindley and Brown 1980). The basal plane (00l) diffractions are usually used for 97 
identification. A symmetric diffractometer geometry (, 2) such as Bragg-Brentano 98 
has the x-rays diffracting from the d-spacings parallel to the sample surface observed 99 
at the detector.  Bragg-Brentano geometry has the added advantage of relatively high 100 
intensity and resolution. The (00l) diffractions will therefore be dominant when 101 
platelets are ideally oriented parallel to the substrate (glass, mica or silicon wafer) 102 
surface. Other, hk diffractions appear in the diffraction pattern when clay platelets are 103 
not well oriented relative to the substrate. Comparison of basal plane and other hk 104 
reflections provides a basis for defining the orientation of the platelets on the substrate 105 
surface. Factors like pH, particle density in suspension and particle size play 106 
important roles in structural orientation both in the suspension structure as well as in 107 
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the dried sediment. This study seeks to establish the optimal conditions in clay film 108 
preparation for AFM and XRD measurements. 109 
 110 
EXPERIMENTAL METHODS 111 
 112 
The materials used for this study were the well-characterised, KGa-1b kaolinite 113 
from Georgia (USA) described by Chipera and Bisch (2001). The kaolin solids 114 
content (dry mass) of initial suspensions tested were 0.02 wt%, 0.2 wt%, 0.5 wt%, 1 115 
wt% and 2 wt%. The aqueous electrolyte used for the suspension was MilliQ-water 116 
with the addition of HCl and NH4OH to regulate pH of the suspension. The sample 117 
slurry was disaggregated using an ultrasonic probe (Branson Sonic Power Company). 118 
The probe was immersed in 20 ml of the clay suspension sample and sonicated for 119 
~45 s with 50 W energy applied. The sample container was rotated to assist in even 120 
dispersion and to aid deflocculation during sonication. 121 
 122 
The clay sample structures studied were dried onto silicon wafer substrates. To 123 
prepare the different size fractions, the ultrasound pre-treated samples were agitated 124 
by shaking for ~30 s and left to settle for 5 min. This allows for settling of the >5 µm 125 
particle fraction with the <5 µm particle fraction found in the top 5 mm of the 126 
suspension as confirmed by SEM examination of these fractions. Using a Pasteur 127 
pipette, ~1.5 ml of sample slurry was removed from just below the meniscus (for the 128 
<5 µm particle fraction ) or deeper (for the >5 µm particle fraction ) and applied to the 129 
silicon wafer 15mm x 25mm x 0.6mm plate, used as substrate before drying in air at 130 
room temperature. To produce a fraction <0.5 µm, the sample was sedimented 131 
overnight and the top suspended fraction recovered and dried onto a substrate. 132 
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 133 
A FFI Quanta 200 Environmental SEM has been used without sample coating 134 
prior to observing particle orientation and distribution on the silicon wafer substrate. 135 
A low voltage beam (5 kV) was used to minimise surface charging.  136 
 137 
A Panalytical X’Pert PRO XRD unit was used with Cu Kα at 40 keV, 40 mA. 138 
XRD patterns were collected at 0.5º divergence in 12 min in the 2θ interval 3-35º with 139 
a step-size of about 0.02º using a graphite post-diffraction monochromator and a 140 
multi-wire detector. 141 
 142 
RESULTS AND DISCUSSION 143 
 144 
Kaolinite characterisation 145 
 146 
Kaolinite crystals are assembled of 1:1 tetrahedral silica sheet with an octahedral 147 
alumina sheet held together by relatively strong hydrogen-bonded hydroxyl- groups 148 
(Brindley and Brown 1980). Because of this bonding and regardless of the size 149 
fraction, the kaolinite crystals present in SEM micrographs as relatively rigid 150 
particles. 151 
 152 
An example of the stacked “book” kaolinite particles, typical of the coarse 153 
fraction of this well crystallised kaolinite sample (KGa-1b), is shown in SEM 154 
micrograph Fig 1a. This partially-delaminated crystal is 7 µm long (thick) and 3 µm 155 
wide (diameter) with aspect ratio well below 1 (Zbik and Smart 1998, 1999) 156 
displaying characteristic pseudo-hexagonal symmetry (Grim 1968). Delaminated 157 
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kaolinite platelet-shaped crystals ~1.5 µm in the lateral dimension are shown in Fig. 158 
1b. Much smaller platelets (some below 100 nm in diameter) adhere to the crystal 159 
edges one of which, adhering vertically on the left hand upper part of the large crystal, 160 
is 400 nm in diameter and 50 nm in thickness. The aspect ratio of these colloidal size 161 
kaolinite platelets is ~8 and it is characteristic for the Georgia kaolinite fine fraction 162 
previously studied in references (Zbik and Smart 1998, 1999).  163 
 164 
Suspension in aqueous solution 165 
 166 
In simple DLVO theory, when electrostatic repulsive force in the diffuse double 167 
layer is large, clay platelets may stay in stable suspension. When the diffuse layer 168 
charge is partially collapsed by high salt concentration in solution or by lowering pH, 169 
the extended repulsion force reduces and particles may approach and aggregate due to 170 
H-bonding and/or van der Waal’s attractive forces. This will destabilise the 171 
suspension and form a gel. This theory applies in highly dilute suspension where 172 
individual particles are initially separated. In denser suspension, before settling, we 173 
have shown that the particles collide with each other and start to form a three-174 
dimensional expanded cellular structure as attraction between edge particle surfaces 175 
occurs concurrently with basal plane surface repulsion. Such a “honeycomb” network 176 
has been imaged using cryo-SEM in kaolinite and smectite water suspensions in Zbik, 177 
Smart and Morris (2008). Particles can be highly oriented in the laminar face to face 178 
(FF) or edge to edge (EE) orientation or disoriented in highly porous “house of cards” 179 
edge to face (EF) orientation. This type of contact (EF) locks particles in random 180 
orientation in the gelled chains. It may be expected that initial orientation inherited 181 
from suspension might be preserved in the sediment bed after drying. The laminar 182 
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orientation towards the silicon wafer substrate will be beneficial and random 183 
orientation would be undesirable during sample preparation of oriented samples for 184 
XRD clay identification and AFM imaging and force investigations. 185 
 186 
Structure of dried layers 187 
 188 
In these experiments, about 1.5 ml of the selected wt% (0.02, 0.2, 0.5, 1.0 or 2.0) 189 
clay suspension, of the selected particle size fraction (>5, <5, <1 µm) in water of 190 
selected pH were dried onto the silicon wafer as described in Section 2.0. Particle 191 
orientation in the dried layer was studied in both SEM micrographs and XRD 192 
patterns. Representative examples of both SEM and XRD selected from the 193 
experiments from are shown for discussion. To determine the degree of particle 194 
orientation, the ratio of XRD peak intensities was compared to SEM evaluations. 195 
Optimal orientation increases the basal (001) to hk diffraction peak ratios. For 196 
kaolinite, the ratio of the peak intensities from basal diffraction (001) (d = 0.714 nm) 197 
to the hk (020) peak intensities (d = 0.446 nm) was chosen for optimisation. For 198 
reference, the full KGa-1b kaolinite sample was studied in powder XRD as a non-199 
oriented sample where clay platelets were randomly oriented. The 001/020 ratio in 200 
this case was low at 4.3 in value (Table 1). Two representative XRD patterns are 201 
shown in Figure 2 to illustrate the analysis. Calculated ratios from a selection of these 202 
results are presented in Table. 1. They show that orientation as 001/020 can vary 203 
widely from values of 4 to 140 making this a useful parameter for assessment of 204 
laminar film production. 205 
 206 
INFLUENCE OF PH ON THE PARTICLE ORIENTATION. 207 
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 208 
About 1.5 ml of the dilute 0.02 wt% kaolinite suspension, of the particle size 209 
fraction below 5 µm in water at pH 3 and pH 10.5 were dried onto the silicon wafer 210 
and examined in SEM and XRD. The 001/020 values in Table 1 show that the pH 211 
10.5 suspension is more clearly oriented to a laminar film than that from the pH 3 212 
suspension. Some representative results of SEM investigations are presented in Fig. 3. 213 
In Figure 3 top left, pH 3 kaolinite suspension delivers aggregated particles visibly 214 
associated in dense patches with large areas of the substrate silicon wafer surface not 215 
covered by the clay particles. Within aggregated patches, particles are partially 216 
oriented parallel to the silicon surface but with a relatively large proportion of 217 
platelets (estimated from SEM micrograph Fig. 3 at ~35%) still randomly oriented. 218 
The (001)/(020) XRD intensity ratio calculated from the XRD patterns for this pH 3 219 
system is 34. 220 
 221 
A more complete kaolinite particle distribution across the silicon wafer surface 222 
has been achieved from a pH 10.5 suspension (Fig. 3 top right) but this low density 223 
0,02 wt.% suspension still failed to produce complete coverage of the substrate silicon 224 
wafer. Prevailing laminar orientation of clay particles is confirmed in the SEM image 225 
in Fig. 3. The XRD pattern in this figure shows well developed (001) reflections from 226 
clay basal planes and very weak hk reflection. The (001)/(020) XRD intensity ratio is 227 
72.  228 
 229 
The majority of platelets in these low density samples lie parallel to the substrate 230 
surface. A few larger grains may be in other orientations but the coverage is patchy 231 
and uneven in the vertical direction. The intensity ratio (Table 1) at higher pH shows 232 
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twice the value in sample orientation ratio in comparison with low pH low density 233 
suspension. The incomplete particle coverage of the substrate silicon wafer at this 234 
dilution (0.02 wt%), suggests that a higher solids loading should be used to produce 235 
films for XRD and AFM force measurements. Because the higher pH 10.5 suspension 236 
proved to give more uniform particle distribution over the substrate surface and better 237 
platelet orientation, in all further investigations this dilute ammonia solution was used 238 
as the clay particle dispersant. 239 
 240 
Influence of dry mass density in suspension (0.2 - 2 wt.%), pH 10.5 241 
 242 
Samples prepared from higher density suspensions of 0.2 wt% dry mass of 243 
kaolinite at pH 10.5, shown in representative SEM micrographs (Fig. 3 lower left), 244 
display complete substrate surface coverage. Despite the majority of platelets 245 
observed in this micrograph having the parallel laminar orientation to the silicon 246 
wafer, significant number of particles are clearly randomly oriented generating 247 
stronger hk reflections in the XRD pattern in comparison with 0.02 wt% lower density 248 
sample. Small peaks with diffraction from (020) reflection are visible and the 001/020 249 
intensity ratio is lower than in low density suspension at 31 (Table 1). It may indicate 250 
that the thicker suspension has more random orientation of clay crystals and 251 
aggregates in the settling suspension as found in our cryo-SEM Zbik, Smart and 252 
Morris (2008) studies.  253 
 254 
Samples prepared from even larger dry mass density suspension (2 wt%), in SEM 255 
observation (Fig. 3 lower right) shows mostly random orientation of kaolinite crystals. 256 
XRD diffraction patterns from this high density suspension show large peaks from the 257 
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(020) reflection (Figure 2) which confirms a large proportion of randomly oriented 258 
kaolinite particles. The 001/020 intensity ratio from relevant XRD pattern is 9, which 259 
reflects its highly random orientation stage. The ratio of 001/020 intensities in 260 
samples prepared from 2 wt% dry mass density is ~ 3 times smaller than in samples 261 
prepared from 0.2 wt% dry mass density.  262 
 263 
Influence of colloidal particles in suspension 0.2 wt%. 264 
 265 
Sample prepared from 0.2 wt% suspension of the kaolinite particles of the 266 
smallest colloidal fraction, below 0.5 µm, dispersed at pH 10.5 are shown in SEM 267 
micrographs (Figure 4). Much more highly oriented, laminar and uniform coverage of 268 
the substrate silicon wafer is found. Rare occurrences of larger kaolinite aggregates 269 
can also be seen but are likely easily avoided in AFM force measurement. The 270 
strongly oriented laminar arrangement of kaolinite platelets onto the surface of 271 
substrate is supported by the XRD pattern (Fig. 2) where the (001) reflections from 272 
the basal surfaces are dominant and other reflections are almost within background. 273 
The intensities ratio is 140 in this case proving a very high orientation of clay platelets 274 
on substrate silicon wafer. 275 
 276 
Varying the collection time. 277 
 278 
Table 2 lists the ratios of 001/020 peak intensities for 0.2 wt% suspension 279 
sampled 5 mm from the suspension surface at times of 0, 5, 15, 60, 120 and 420 280 
minutes from mixing placed and dried onto silicon wafer. The intensity ratio of the 281 
001/020 peaks as a  function of sampling time and the colloidal sample (collected 282 
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after ~1000 minutes) are plotted in Fig. 5 for comparison. This ratio increases 283 
significantly when sampling time is increased past 15 min. Samples collected after 15 284 
min show kaolinite particle diameters within a range of 1.5-4 µm. Even for this size 285 
range, SEM observation still shows the presence of small stacks in kaolinite KGa-1b 286 
sample. This intensity ratio increases in value to ~140 when particles from the 287 
colloidal fraction (below 0.5 µm) are collected after overnight sedimentation (~1000 288 
min) when only well-oriented submicron size platelets are present. In this fraction, 289 
stacks are not found and kaolinite platelets lie well oriented towards the silicon wafer 290 
substrate. 291 
 292 
Conclusions 293 
 294 
To prepare films of clay particles with the best possible laminar orientation for 295 
conducting XRD and AFM force measurements, the influences of particle 296 
concentration in suspension, suspension pH and particle size on the clay platelet 297 
orientation were investigated using SEM and XRD methods. From these 298 
investigations, we conclude that high clay (dry mass) concentrations and larger 299 
particle diameters (up to 5 µm) in suspension result in random orientation of platelets 300 
on the substrate. This result is consistent with the random orientation of the kaolinite 301 
in the aggregate structures in the aqueous suspension before deposition and drying. 302 
Low pH 3 suspension also causes particles to form aggregates which result in 303 
increasingly random orientation in the dried layer and incomplete coverage of the 304 
substrate surface. High pH 10.5 results in more complete coverage of the substrate 305 
surface and better laminar orientation. 306 
 307 
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The best possible laminar orientation in the kaolinite dry film, represented in the 308 
XRD 001/020 intensity ratio of 140 and SE micrographs, was obtained by drying thin 309 
layers from 0.2 wt% clay suspensions of pH 10.5 with particle sizes below 0.5 µm. In 310 
this preparation, the collection time after suspension plays a significant role. 311 
Collection in less than 120 min gives a higher grain size fraction with stack particles 312 
of low aspect ratio present preventing parallel orientation to the substrate surface by 313 
the (00l) plane. The colloidal fraction collected after more than 500 min, where stacks 314 
and larger particles are absent, gives the highest (001) platelet orientation in the dry 315 
film formed on a silicon wafer substrate. 316 
 317 
318 
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List of FIGURES 342 
 343 
Figure 1. (A)- SEM micrograph, stacked book crystal characteristic for the coarse 344 
fraction of kaolinite from Georgia KGa-1b. (B)- SEM micrograph, platy 345 
kaolinite crystals displaying pseudo-hexagonal symmetry in KGa-1b.  346 
 347 
Figure 2. Examples of XRD patterns for: (left) -5 µm, 2 wt.% pH 10.5 film with 348 
001/020 ratio 9.3 and; (right) -0.5 µm, 0.2 wt.% pH 10.5 film with 001/020 349 
ratio 140. 350 
 351 
Figure 3. SEM micrographs for Georgia Kaolinite KGa-1b dried on silicon wafer: 352 
(top left) fraction -5 µm, 0.02 wt%, pH 3, 001/020=34 (bar=20µm); (top 353 
right) fraction -5 µm, 0.02 wt%, pH 10.5, 001/020=72, (bar=20µm); (lower 354 
left) fraction -5 µm, 0.2 wt%, pH 10.5, 001/020=31, (bar=10µm); (lower 355 
right) fraction -5 µm, 2 wt%, pH 10.5, 001/020=9.3, (bar=5µm). 356 
 357 
Figure 4. SEM micrographs for, Georgia Kaolinite KGa-1b, fraction below 0.5 µm, 358 
low density suspension (0.2 wt%) in 10.5 pH, dried on silicon wafer. White 359 
bar: (left) 10 µm; (right) 20 µm. 360 
 361 
Figure 5. Ratio of peaks from 001/020 reflection intensities in KGa-1b kaolinite as a 362 
function of sample collection time in comparison to colloidal fraction 363 
sample and thin-thick sample collected on to a silicon wafer substrate. 364 
365 
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 366 
Table1 Orientation represented in XRD (001)/(020) peak ratios, of kaolinite films 367 
deposited from different size fractions, solids wt.% and pH compared with 368 
random orientation in powder diffraction. 369 
 370 
Sample 001 peak 
intensity 
020 peak intensity 001/020 intensity ratios 
KGa-1b powder 
diffraction 
7828 1827 4.3 
-5 µm; 0.02wt%  
pH 3 
1707 50 34.1 
-5 µm; 0.02 wt% 
pH 10.5 
2898 40 72.4 
-5 µm; 0.2 wt% pH 
10.5 
3434 110 31.2 
-5 µm; 2 wt% pH 
10.5 
12727 1362 9.3 
Colloidal fraction  
-0.5 µm; 0.2 wt% 
pH 10.5 
2812 20 140.6 
 371 
372 
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Table 2. Ratios of 001/020 peak intensities plotted for 0.2 wt% suspension 373 
sampled 5 mm from suspension surface at times 0, 5, 15, 60, 120, 420 and 1000 374 
min from mixing, placed and dried onto silicon wafer 375 
 376 
Sample 
collection time 
(min) 
001 peak intensity 020 peak intensity 001/020 intensity ratios 
0 9031 839 10.7 
5 11614 421 27.5 
30 10075 261 38.6 
60 10455 218 47.9 
120 10355 177 58.5 
420 8369 109 76.7 
1000 2812 20 140.6 
 377 
